SUMMARY Human sperm heads were detected and tracked using semiautomatic image analysis. Measurements of size and shape on two specimens from each of 26 men showed that the major component of variability both within and between subjects was the number of small elongated sperm heads. Variability of the computed features between subjects was greater than that between samples from the same subject.
The male component of infertile partnerships is often unexplained. After the history and physical examination semen is routinely examined for motility, density, and morphology. Modern techniques of time exposure photomicrography' and the sperm penetration assay2 provide additional quantitative information of sperm function but these tests are not widely available at present. The value of sperm morphology has been acknowledged for more than 50 years3-5 and was shown by Aitken6 to be the most statistically predictive test of the routine semen analyses in male infertility. There are also data to suggest that change in sperm morphology may be an early sign of damage to testicular function by toxic environmental substances or drugs. 7 8 From six to 60 morphological forms have been described,349 but because of observer variation in the differential counts made with the light microscope10 11 routine investigations are limited to the percentage of all abnormal forms. Abnormalities of the sperm head are the most common and of relatively greater prognostic importance than abnormalities of the body and tail.3 ' The relative effectiveness of each head type cannot be measured objectively in terms of fertility, but computed image processing should provide a more consistent and objective analysis of sperm morphology than the subjective assessment in current use.
At present there are insufficient data on the distribution of shape and size of sperm heads in normal semen with which to compare infertile samples. We have used a semiautomatic method to detect and track sperm head boundaries to measure the features of head size and shape. The ranges and interrelations of Accepted for publication 18 June 1986 these computed measurements were used to describe intrasubject and intersubject variations.
Material and methods

SEMEN SPECIMENS
Slides prepared for morphological assessment of spermatozoa as part of routine semen analysis were taken from the laboratory files for this study. The samples had been obtained by masturbation after at least 48 hours' abstinence from intercourse. Motility and density estimations were made within two hours of ejaculation. The slide preparations were dried in air before fixation in methanol and staining by the Papanicolaou method. All the subjects had been investigated because they had infertile marriages.
Measurements were made on two specimens obtained on separate occasions from each of 26 subjects. Twenty subjects had at least two specimens with normal sperm count (>40 x 106/cm3) and morphology (< 30% abnormal forms) and no record of abnormal semen indices. These results indicate potential fertility within the limitations of routine laboratory analysis. Two subjects had normal counts but abnormal morphology, two subjects had subnormal counts and abnormal morphology, and two subjects had subnormal counts and normal morphology for both specimens. The distributions of the measured features within any sample were generally non-normal in a statistical sense. Techniques exist to transform skewed data to normality, but often a transform that normalises a distribution from one sample will not do so for Jagoe, Washbrook, Hudson another-that is, no single transform is likely to produce normality for the values of a given feature for all samples. Thus the information cannot be completely summarised by the two measures of mean and standard deviation. As an alternative the information was summarised approximately using the nine decile cut point values (the values of the 10th to 90th centiles).
Results
SEMIAUTOMATIC DETECTION AND TRACKING
The program automatically located and tracked 60 4% of all 20 400 sperm heads. The success rate was variable between samples. Thirty per cent of heads were partially tracked and manually edited, while only 9 2% needed to be traced entirely manually. In 46 of the 52 samples the mean Size of the manually traced heads was larger than in those automatically tracked. The average value of this difference was 7 5%. The difference between the number of manually traced heads below and above the median size of all heads, however, was very small (955 and 925, respectively), indicating that the size differences within samples reflected operator characteristics, rather than the failure of the autotracking procedure more often on larger heads. The Wilcoxon two sampled signed ranks test showed no significant difference between manual and autotracked head shape as measured by MaxD:MinD. size was 9-78pym, which was 73% larger than the smallest median head size (5-65 gm). The largest median diameter ratio was 2 2, which was 50% larger than the smallest median ratio (1 48). Specimens from the six subjects identified as having abnormal indices were scattered throughout the ranges.
RANGES OF THE MEASURED FEATURES
RELATIONS BETWEEN THE COMPUTED FEATURES
Within all samples For each sample the 15 interfeature rank correlation coefficients (Kendall's T) were computed. Table I shows the mean value of these coefficients and their standard deviations using all 52 samples. The correlation between Size and shape, as measured by MaxD:MinD, was not significant, but this only implies lack of a monotonic relation between Size and shape. A 
Morphometry of spermatozoa using semiautomatic image analysis jects. A similar analysis for the shape feature MaxD:MinD showed that the mean square variation between subjects was 14 times greater than within subjects-that is, head shape was more characteristic of a subject than size. Fig 3 shows how well each of the measured features at each decile cut point performs as a discriminator between subjects. The vertical axis (F value) indicates the between to within sample variance ratio. These results fit well with the finding that the greatest source of variation between samples from the same subject is the number of small elongated heads. Increasing cut points of MaxD:MinD are more likely to be influenced by this variation and therefore less likely to be good discriminators between subjects. P2A, which is strongly related to MaxD:MinD, also follows this trend. Increasing cut points for Size, MinD, and MaxD are less influenced by this variation and therefore likely to be increasingly better at between subject discrimination. The feature Askew does not show any consistent trend except that the lower and upper cut points are less useful between subject separators than the intermediate cut points.
A more complete analysis using a stepwise linear discriminant program (BMDP7M12) showed that a function based on the two 90% cut points of MaxD and MinD (2 x MaxD9o-3 x MinD90) gave the best between subject separation. Using this function the mean square variation between subjects was 67 times the within subject variation.
Discussion
TECHNIQUES
The limitations of the traditional method of assessing sperm morphology have been shown by Jequier and Ukombe" who asked 26 professional observers to assess the morphology of one semen specimen. They rated the abnormal forms between 5% and 85%, and three technicians who were highly experienced in this field made assessments between 25% and 40%.
Measurement has been applied to the morphology of spermatozoa by several techniques, but so far these have not shown sufficient speed and accuracy for wide application. Sperm size and density measurements have been made rapidly using a Coulter counter but the accuracy is poor when sperm counts are low,13 and these may be the samples which require most exact evaluation. Measurements of sperm have also been made using a digitising tablet'4 and from scanning electron microscope photographs. '5 -1 7 Our semiautomatic method is relatively rapid and objective. The performance can be improved by alternative methods of preparation and staining. Subsequent experience using gallocyanin,'8 which gives better contrast between the sperm heads and the background, increased the success rate of the automatic method. A technique'9 of making smears, which avoids clumping and overlapping of spermatozoa, should also improve the detection rate and reduce manual editing with the light pen. The larger average size noted for the manually traced heads corresponded to a radial difference of about 1-5 pixels. This can probably be accounted for by the tendency of an operator to trace around the outside of an edge whereas the automatic tracking program detects and follows points of maximum gradient that generally lie inside the outer edge. The difference, however, is small compared with the differences both within and between samples. It is worth noting that the features which turned out to be most informative could be estimated by manually digitising the four points delineating the maximum and minimum diameters.
RESULTS
It would be expected for objects like sperm heads that the three shape measurements P2A, MaxD:MinD, and Askew might be highly related. In the case of P2A and MaxD:MinD this is true, but within samples Askew is comparativly unrelated to either. Askew does not seem to be an important measure in its ability to characterise subjects.
The most notable finding is that on average more than twice as many of the heads in the smallest tenth category of a sample are likely to fall into the largest MaxD:MinD tenth of that sample than if they were uniformly distributed within the shape range. The variation between samples from the same subject is also mainly due to this small elongated type of head. The difference between the numbers of this type of cell in samples from the same subject over an interval of time could possibly be related to the interval since last emission; this was not known in this study. Freund,20 however, using subjective assessment, found that frequency of emission had no effect on morphology, although numbers of sperm decreased. If morphological abnormality is related to the number of these forms it could mean that male fertility is not constant over time.
The sperm with the small elongated head is described as the commonest abnormal morphological form where subjective differential counts have been done on semen from subfertile males.34 It is possible that this form, which we have identified in this study by size and the MaxD:MinD ratio, is mainly responsible for the relation between subjective assessment of abnormal morphology and fertility.
Differences within and between subjects are most pronounced at the extreme ends of the size and shape ranges. If these features are also the most sensitive to adverse effects due-for example, to treatment with drugs2 '-the implication is that a large number of 1351 Jagoe, Washbrook, Hudson heads must be measured to obtain satisfactory estimates of these values.
We have shown that computed image processing can be applied usefully to measurements of sperm morphology using slide preparations and light microscopy. It has a potential for both study of male infertility and for routine laboratory semen analysis.
